The mechanisms of particle-induced genotoxicity have been investigated mainly with asbestos fibers. The results are summarized and discussed in this paper. DNA damage can be produced by oxidoreduction processes generated by fibers. The extent of damage yield depends on experimental conditions: if iron is present, either on fibers or in the medium, damage is increased. However, iron reactivity does not explain all the results obtained in cell-free systems, as breakage of plasmid DNA was not directly associated with the amount of iron released by the fibers. The proximity of DNA to the site of generation of reactive oxygen species (ROS) is important because these species have an extremely short half-life. Damage to cellular DNA can be produced by oxidoreduction processes that originate from cells during phagocytosis. Secondary molecules that are more stable than ROS are probably involved in DNA damage. Oxidoreduction reactions originating from cells can induce mutations. Genotoxicity is also demonstrated by chromosomal damage associated with impaired mitosis, as evidenced by chromosome missegregation, spindle changes, alteration of cell cycle progression, formation of aneuploid and polyploid cells, and nuclear disruption. In some of these processes, the particle state and fiber dimensions are considered important parameters in the generation of genotoxic effects.
Introduction
In the past, asbestos fibers have been considered nongenotoxic carcinogens (1, 2) because of their failure to induce gene mutation in most short-term assays (3) and their ability to exert effects similar to those observed with promoters (4, 5) . More recently, a study of databases on the effects of nongenotoxic carcinogens, including asbestos, has revealed that many of the compounds tested in short-term bioassays induced chromosomal mutations or aneuploidy (6) . New assays have been developed to better investigate the effects of asbestos at the genetic level. The data will be reviewed here and results will be discussed in terms of the mechanisms of action of fibers. The background leading to development of these new assays will be summarized first.
Genotoxicity is one of the key events in neoplastic transformation induced by xenobiotics, as genetic alterations are fundamental changes arising in cancer cells. Neoplasia is associated with permanent genetic changes in critical genes, especially protooncogenes and tumor suppressor genes (7) (8) (9) (10) (11) . Genotoxicity is a rather loose term that in a narrow sense refers to the property of a substance reacting directly or after metabolic activation with DNA, but, in a broad sense, refers to an agent that damages genetic material. Thus, agents that produce gene mutations at specific loci, as well as DNA damage and repair of damage, aneuploidy, and chromosome mutations, can be considered potentially harmful to the genome.
It has been known for many years that genetic changes are of central importance in tumor development (12) . Chromosome abnormalities have been noted frequently in tumors. With the development of more sensitive analytical methods, numerical and structural chromosome abnormalities such as deletions and rearrangements (translocations, amplifications, insertions) have been found in tumors, supporting the hypothesis that chromosome defects are fundamental in neoplasia (13, 14) . Chromosome and gene mutations now appear as obligatory steps in oncogenesis (15) . Neoplastic transformation is a multistep process and multiple genetic changes are necessary to achieve transformation. This is illustrated by the multiple gene and chromosome abnormalities noted in certain cancers, such as colon cancer (16) . This type of tumor is characterized by deletions of chromosomes 5, 17 , and 18, as well as mutations in the genes ras and p53, and may serve as a paradigm for neoplastic transformation. From the study of human tumors, it appears that nonrandom genetic changes occur in cancer cells. While defects can be found in numerous genes involving a wide range of diseases, only changes occurring in specific genes are significant in neoplasia. These genes are oncogenes and tumor suppressor genes, which are activated and inactivated in tumor cells, respectively (15) .
Several conditions affect the rate of gene and chromosome mutations and thus can enhance the risk of neoplastic cell transformation. There are dominant heritable predisposition syndromes resulting from germline mutations (7) , genetic instability syndromes (17) , defects in breakage and repair processes, and increased proliferation (7, 18, 19) . Genetically alterated cells undergo several stages to complete neoplastic transformation, and additional factors are important in tumor expression. DNA damage is generally repaired by different mechanisms depending on the nature of the deleterious agent. Thus, repair processes are important in neoplastic transformation and error-prone mechanisms may facilitate transformation (20) . Cell division is another major factor in transformation processes. Controlled cell division is a component of tissue homeostasis and induced mitogenesis can enhance cell division, producing amplification of mutations in genetically altered cells. Mitogenesis can be induced by the release of growth factors resulting from inflammatory processes. Studies ofAneuploidy and Polyploidy. The number of chromosomes is maintained by appropriate segregation of chromosomes in daughter cells during mitosis. If the mechanism of chromosome segregation is impaired, the progeny will contain an abnormal number of chromosomes. Nondisjunction is an important genetic risk; this phenomenon will result in an incorrect genetic dosage in the daughter cells (35, 36) . Aneuploidy can be determined by counting the number of chromosomes in metaphase spreads. Aneuploidy resulting from fiber exposure has been studied in several types of mammalian cells. Other protocols have been developed to determine the effects of fibers on chromosome segregation, in particular, analysis of anaphase and telophase. Polyploidy may result from endoreplication and/or from an impairment of cytokinesis.
Gene Mutation Assays. The most widely used in vitro gene mutation assays are based on reverse mutation in Salmonella typhimurium (21) (40) . The state of iron reacting in these processes strongly influences the effects: reduced iron and mobilizable iron are believed to be important in the production of ROS (44) (45) (46) . To be efficient, Fe(III) must be chelated in solution to permit its reduction (47) .
DNA breakage has been observed following incubation of plasmid DNA (PM2 or OX174) or calf thymus DNA with asbestos ( (Table 6 ). These inconsistent results may be due to the different cell types and different methods of analysis. Using alkaline unwinding and ethidium bromide fluorescence, Kamp et al. (56) found that chrysotile and amosite produce DNA strand breaks in A549 and WI-26 cells. In these assays, production of OH'-like species after 30 min incubation correlated with further yield of DNA strand breaks. Iron plays a role in the formation of DNA damage but does not totally account for DNA breakage. DNA strand breaks were also detected in mouse CH31OT1/2 cells treated with crocidolite (55) and human blood cells treated with crocidolite (43) .
DNA breakage was demonstrated indirectly in rat embryo cells treated with crocidolite using a nick-translation method (57) . In rat pleural mesothelial cells treated with crocidolite and chrysotile, activation of poly(ADP)ribose polymerase, an enzyme activated by DNA strand breaks, has been found (60) . Moreover (Table 7) . Glass fibers were not mutagenic to bacteria (65) . Only one study reported weak mutagenicity of asbestos at the HGPRT locus in Syrian hamster lung cells (68) . In other systems, the number of mutants was enhanced in comparison with untreated cells, but was not significantly different from background incidence. Mutations in bacteria were found using a different S. typhimurium strain (TA102) that is sensitive to oxidative damage. When treated with crocidolite but not with chrysotile, a significant enhancement of mutants was observed (41) . However, using the same strain, tremolite fibers were not found to be mutagenic (67) . TA102 contains A-T base pairs at the site of reversion, in contrast with other strains In recent investigations, chrysotile was mutagenic at the HLA locus of human lymphocytes (38) .
Chromosome Mutation Assays
Mutagenicity of asbestos has been studied with systems allowing the detection of gene deletions. Using gel electrophoresis, it was observed that asbestos produces large deletions. In hamster human cell hybrid, AL, Hei et al. (37, 72) found mutagenicity at the S1 locus associated with the loss of other chromosome markers. This mutation spectrum is different from that of spontaneous mutations and indicates that large deletions occur following asbestos treatment. In other systems, loss of heterozygosity (LOH) at the HLA-A locus was observed when human lymphocytes were treated with crocidolite and erionite, but not with chrysotile (38) . Similarly, crocidolite produced LOH at the HLA-A locus in a mesothelioma cell line (73) .
Fiber mutagenesis is mediated through oxygen-derived free radicals, as demonstrated by the protective effect of antioxidants (37, 72) . When using antioxidants acting either intracellularly or extracellularly, extracellular generation of active oxygen species accounts for most of the mutations detected (72) .
Chromosome Damage
The induction of chromosome damage by fibers has been recently reviewed by Jaurand (74) . Asbestos fibers produce both structural and chromosome changes in most cell types. (98, 99) or ultraviolet microscopy (81) . Anaphase aberrations (bridges, lagging chromatin) were detected in SHE cells, V-79, and mesothelial cells (80, 95, 100, 101) . Pelin et al. (102) found that chrysotile and crocidolite produced a significant enhancement of the percentage of abnormal anaphases in HMC treated with chrysotile and crocidolite, but amosite produced only a slight increase. Similarly, Yegles et al. (103) observed that crocidolite and several samples of chrysotile produced a significant number of abnormal anaphases, but amosite and MMMF [refractory ceramic fibers (RCFs), MMVF] were inactive. The authors suggest that the absence of effect from some fiber types may be due to an insufficient number of relevant fibers. On the basis of the hypothesis of Stanton et (74) , and HMC (Table 8) . No effect was found in human fibroblasts or a lymphoid cell line (77, 88) . In one study with human bronchial epithelial cells, binucleated cells were observed; however, no change in chromosome number in cells treated with chrysotile was found, and a small effect was observed with crocidolite (90) . In SHE cells, aneuploidy is an important step in cell transformation (105) . Trisomy of chromosome 11 following asbestos exposure of SHE cells has been described as a key event in asbestos-induced cell transformation. In a study of mitotic disturbances in SHE cells, Dopp et al. (81) observed kinetochore staining in the micronucleus formed after asbestos treatment, indicating that whole chromosomes have been lost. Numerical chromosome abnormalities have been observed in human (91) and rat mesothelial cells (84) Table  9 . The feeding of mice with asbestos did not result in chromosome abnormalities in germinal cells (106) . It (29, 74) . It has been recently demonstrated that the OH formed is able to produce 8-OHdG in DNA both in cell-free systems using plasmid or calf thymus DNA or after incubation of mammalian cells with the fibers. (50, 61) . However, in some experiments, the experimental conditions included the addition of H202 (61) , which enhances the sensitivity of the assay. The nature of the incubation medium certainly plays an important role in the generation of ROS, as emphasized by Chao et al. (54) , who studied DNA damage in culture medium with different iron concentrations. Moreover, trace metals may interfere with redox reactions. In cell-free systems where DNA is mixed with the fibers, DNA adsorption at the fiber surface should also be considered (111) , since it may influence the extent of DNA damage. The distance between the site of radical production and the site of DNA damage is of great importance, and DNA adsorption influences this distance. Alternatively, binding DNA at the fiber surface might mask or transform reactive sites.
ROS production by redox chemical reactions is not the only process by which ROS can be generated. Phagocytosis is a major phenomenon in which oxygen derivatives are produced; during this process, superoxide anion is generated following interaction with the plasma membrane (29) . This is not limited to internalization of fibers and has been studied in bacteria as well as in phagocytic cells (112) (113) (114) . Phagocytosis is associated with lipid peroxidation, as demonstrated by several authors in cell-free systems (31, 32, 115, 116) and in mouse fibroblasts (55) and macrophages (117 (53) report that the formation (119, 120) and macrophages.
Mechanisms of Chromosome Damage
Chromosome damage in terms of breakage, micronucleus formation, and chromosome mutations may be also related to the production of ROS by fiber-treated cells. In some studies where the effects of antioxidants have been investigated, antioxidants generally exerted a protective effect. In AL hybrid cell systems, Suzuki and Hei (121) found that extracellular production of ROS is more likely involved, as intracellular antioxidants were unable to reduce the level of mutations. As discussed above, oxidants can produce secondary radicals or clastogenic factors that are more stable than active oxygen species and act at a site distant from their production. In a study where rat pleural mesothelial cells were treated with chrysotile, we found that the medium, after depletion of the remaining fibers, retained clastogenic activity. Control media from cells incubated without fibers or from fibers without cells did not produce similar effects (122) . Clastogenic activity decreased when cells were incubated in the presence of antioxidant enzymes, suggesting that the formation of stable clastogenic factors was derived from the production of ROS.
Few data are available to determine whether chromosome missegregation and aneuploidy are related to the production of ROS. The formation of abnormal anaphases was not dependent on the presence of antioxidant enzymes (103) . The physical presence of fibers in dividing cells seems a more likely mechanism by which fibers impair mitosis. In this context, it appears that phagocytosis is an important prerequisite for chromosomal damage. Following phagocytosis, asbestos fibers accumulate inside cells in the perinuclear region (15) . When the cells undergo division, chromosome movement may be impaired by changes in cell shape triggered by the fibers. In these processes, fiber dimensions play a critical role. Samples enriched with long and thin fibers tend to produce abnormal anaphases (103) and aneuploidy-dependent cell transformation of SHE cells by unmilled glass fibers; milled fibers, though they phagocytosed at approximately the same rate, were not efficient (123) .
Conclusions
Evidence has now accumulated that fibers are genotoxic agents, based on their ability to produce DNA and chromosome damage. (17) .
